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Tnsile exrixvnts in polystyrene (PS) and poxly(methyl mut.hacrylate)

(PMMA) conducted at constant strain rate over a wide range of pressure

and tceperature have shown that a brittle to ductile transition is induced

in these amorphous polymers by the superposition of hydrostatic pressure

as well as by the raise of the experimental torperature. A detailed

stress-strain analysis permits explanation of the mechanism for the

brittle to ductile transition in terms of interaction between two core-

peting processes of plastic yielding -- crazing and shear banding pheno-

rmena. '.he crazing and shear banding processes respond quite differently

to changes of pressure or temperature, causing shifting of the brittle to

ductile transition point to where the craze initiation stress and shear

band initiation stress again beocme equal. The evidence that the brittle

to ductile transition pressure becomes lower with increasing temperature

refutes a previously suggested concept that the transition relates pri-

marily to mechanical relaxation phenomena.

______



'I1it, mrcchuica-l Lxhaviors of polymers as well as otlher materials

arn well known to bx! affected with a gLoat dcAjrLX? by the changus of

'u\er•.enta] conditiuis and sample preparations. An alternation in

fracture modes from brittle to ductile with increasing tcirpe.rature is I
orn of the most significant cases and many aspects on the brittle to

ductile transition in polymers have been studied extensively frcon its
1,21

practical imortance. Vincent 1 ' 2 made considerable efforts to exarmine

the effects of strain-rate and basic materiai variables such as molecular

%t,•ight, crystallinity, additives, crosslinking, side-groups, and mole-

cular orientation on the brittle to ductile transition temperature.

In spite of abundant information on factors which influence thie

brittle to ductile transition, the mrecdanisn of the transition itself

. kýsb•nn u dexstood only trasvntarily. Ln the most cases- t~he brittle i
to ductile trans~tion phenoeonon in polymears has ian explainedpl peno-

menologicaliv on the basis of tUdwick -Davidenkov and Wittman hypothe-

sis, which was originally suggeste] from thie study of tJre same transition

in me.tals, aýI which asstrnes that the brittle fracture and plastic flow

are independent processes and the brittle fracture stress and the yield

stress became cxvjal at the transition tomperature. Therefore, in this

6.,7
concept no microstructural features such as the crazing and shear

banding_ phcnomana , which have been recently recognized to be the most

responsible for the fracture process in glassy polymers, have been con-

sidered at all. Another disputant point in the polymer transition

phenomenon is on the relationship between the brittle t1 ductile transi-

tion and the mechanical relaxation phenctrena. Several authors 9-11 have
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U9sggcsted that the brit tle to ductile transition always occurs nuar a

glass transitic•i tanperature or a lower terWp rature-relaxation t.¶Txcra-

ture if the polymer exhibits more than one mchanical relaxation. These

relationships, however, have been proved not to have a general validity

since same polymers are observed to be ductile at the tanperature even

l cwr thavn tJU lowest taefrature-relaxation temperatureI i addition

to this tamperature-induced transi'ion, it has been demnstrated for

several p1lynmrs that an inereased pressure at constant tamperature can

o n cdir tile12-16likewise induce a transition from brittle to ductile
SIn ecen pulicaion17,18

in rec, w have reported quantitative studies

of the way in which superposition of hydrostatic pressure induces the

brittle to ductile transition in amorphous polymers of polystyrene (PS)

and poly(methyl methacrylate) (P.I'A) at room taeperature. Based on the

detailed stress-strain analysiq in this work, it was suggested that the

interaction of the plastic deformition processes of crazing and shear

bands appears to be the essential mechanism of the brittle to ductile

transition phencam-non. Thus, clarification of the pressure dependence

of these procosses is likely to lead to greater understanding of tl-e

transition than is fran the mechanistic viewpoint of the ludwick-

Davidenkov and Wittmnan hypothiesis. The main objectives of the present

study are to present more extensive data on the effects of experimental

pressure and temperature on the brittle to ductile transition point in

PS an] P.MMA and to investigate further the general mechanism and/or

factors governing the transition phenomnenon. Tne relationship between

"tie brittle to ductile transition and mechanical relaxaktion phe-ncnena

will also be discussed.

I



S~-3-

As the detailLd \:planation of the high pressure- tensile apparatus,

specimen .Xm-tmtry, and the procedure to obtain tru' stress-strain curves

have already b•en dowL' in previous publications17-19, only the essentials

and smoe modifications will be des;cribexd here.

The materials stilied in this study, PS (from the l~w LCemnical Co.)

-and PtA (fran Cadillac Plastic and axnical Qo.), were• obtained can- I
mnrcially in the form of extrud(d rods. All the tensile specimens were

machined directly from the as-received rods and the surfaces wre care-

fully polished along the gauge length to mirnmize possible surface effects

in mechanical behaviors. The overall specimen lernth was 2.40 inch and

the reduced gauge section with 1.50 incl R groove was 0.12 inch in dia- I
meter. Afte-r polishirng, the PS specimens were annealed following the

20
metliod of Bailey . Finally, surface of th', gauge section was sealed

with Teflon tape and covered with a transparent silicon rubber J-. order

to prevent possible environmental effects due to the surrounding pressure- i
transmitting fluid or tarperature controlling medimn.

T.h, apparatus used for the tensile experiments at at1spheric pres-

sure was an Instron machine furnished with a tomperature control-chambcr

which was fillod with silicon oil as a rmedium. -- perform the high pressure-

measurements at different tarperatares, the high pressure-tensile appara-

tus was equipped with a tauierature-control jacket. The test tempera-

ture in the botiJ cases was me-asured with d theUrmocouple positioned less

than 0.3 inch from the tensile specimens, and was controlled within

-1.5 0 C fluctuatioz, auring tlhc oxpcrimenLs. All the tepsile tests were

conducted at constant strain rate of ahout 1. 30 %/min.



JRlLSTS AND A~NALYSIS

Brittle to Ductile Transition at AtwsThcric Pressure

SThe tensile tvxpriments on PS and PMMR ukre carried out over the

temperature range fron -10*C to 105*C at atmospheric pressure. The tun-

E-ratute effocts obserzved on the stress-strain behavior are shawn in

FLg. 1 far PS and in Fig. 2 for PMMA, respectively. In the case of PS,

a drastic chunge in the stress-str-ain curvc appears about 90*C. The

stress-strain curnves of the specinens tested below 80"C are characteristic
.; 2'

of the development of the process of craze-yielding 2. In this process

an ext"-sive growth of crazes across the gauge length of specimen occurs

beyond a critical level of stress (the break in the curve) and the spoci-

wmns fracture at very low strain and 1xrrpendicu~ir to the tensile direc-

tion. In PS it is noticeable that the fracture strains and stresses

d-crcasc with increasing tcmperaturu. In the optical microsc , U"t,

wellv-deeloped crazes could be observed on the fracture surface and

the adjacent side-surfaces. In contrast, the stress-strain curve at

900 C shows a distinct yield point and the specimen exchibits a necking

and further cold-drawing. At 97 0C, the specimen deforms un.formly

without the neck formation similar to rubber-like materials. For all

the specimens deformed a or above 90 0C, no craze formation could be

observed on their side-surfaces.

In the case of PM2A, the change of fracture ruxde from brittle to

ductile occurs mucnI less discontinuously in the vicinity of 50'C, as

show~n in Fig. 2. Differing from the case of PS, the fracture strain

of E'1A in the brittle fracture region increases gradually with tempera-

ture. Further, the stress-strain curves do not exhibit craze-yielding,

1l



coinciding with the optical observation that only a few and undeveloped

crazes cuuld be detectod on the side-surface of the fractured specimens.

7lb elucidate the mechasimT of the brittle to ductile transition,

* the observed stress-strain curves have been further analyzed in the fol-

lowing manner. Figure 3 shows schematically typical stress-strain curves

for brittle and ductile fractures. In general, brittle fracture is con-

sideredl to occur when a specimen fails at its maximum load (at strains

less than, say, 20%, in order to exclude rubbers) but we expand this

definition so as to include the case of craze-yielding in PS, since there

fracture is caused by the propagation or developmcnt of existing

crazes, not shear bands, and its fracture strain is less than 3%. For

both brittle and ductile fractures, the stress-strain curves show a

departure fram linearity as indicated by arrows in the figure. From tUx

simultaneous observations of tlh stress-strain and optical behaviors, we

and other resrarch groups have reported that the onset of non-linearity

on the stress-strain curve is accompanied by the initiation of crazes

in the brittle fracture region1 a' 2 1 ' 2 2 or by the initiation of shear

6,18,23
bands in the ductile fracture region . Therefore, we define the

corresponding stresses as the craze initiation and shear band initiation

stuesses, respectively.

As shown in Fig. 4, PS exhibits the essentially same temperature

dependencies for both the craze initiation and fracture stress curves

in tUse brittle fracture region. A similar correlation can be seen for

the set of shear band initiation and yield stresses in the ductile

fracture region. However, these two sets of curves shIw quite different

tcmperature dependencies and, furthermore, they intersect in the

__ __ _
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t~nIuratwu, rtx3ion whuoe the brittle to ductile transition was Observod.

Aother charactkristic point in Fig. 4 is tiat the craze initiation stress

shows a sJbst-intial 1owurirni around 35°C and the trper-ature deqxndency

bLcanes much highr aJx.ve that tu•x'raturi,. llaward et al.24 oLserved

similarly the irr"'4ulr t(dpperature depl-ndencce of the craze initiation

stress in PS at the san, tezrx-raturtŽ range (see Fig. 3 in kul. 24),

althaough th,,y did not notice this pheunoaenon. The possibility that this

irregular behavior might relate to te, .- relaxation in PS will be dis-

cusstd la ter.

For p,4CA the tunperature de.i'leuncies of these various stresses are

shcism in Fig. 5. Similar to tlve case of PS, the curve of craze initiation

stress inter:;'cts with that of nhuar bxuad initi.ation strus:; cAL the brittle

to ductile transition tcrperature. |kw-vver, the temperature dependencies

of these stresses above and below the transition do not show much dif-

fereýnce and t!he shear band initiation stress in the brittle fracture

roeion estimated] by the extrapolation of the curve secns to be only 10

to 20% higqNer than the observed :raze initiation stress. From the cc1nbina-

tion of this estimation and the rcported fact 6 ' 7 that tbe crazes produce

highly stress-concent-ratce portions at the craze tips, it is reasonable

to deduce Utit the shear band initiates just after the occurrence of

craze formation in this temperature region of 40 to -100 C and thus

supresses thl further develolinent of crazes. This pheno.rmenon might be1

tlu: reason wh, NVA shows only a few crazes and does not exhibit the

craze-yielding on the stress-strain curves typical of PS.

It is noticeable that the brittle to ductile transition temperatures

observed in this study, which agree well with the reported tzansition
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tcnmpraturcs of 90*C for PS25 and 40-450C for PM 3,26, are located very

closely to the t-relaxation tesperature of PS and p-one of PMMA, rospec-

tively. As a ccnsajuence, it has been suggestedg9-11 ftthas Wolymers

are good exaiples of a clear correlation between the brittle to ductile

transition and these machanical relaxation phernoena. Howcver, it willtf •be proved in the next section that this good correlation does not exist

for either polymer when they are tested under a hydrostatic pressure

j iviratmiint.

ITressure and Tunuature DeTendencies on the Brittle to Ductilk
S7Transition

As has b.n reported1 7 ' 18 , the supe:rposition of hydrostatic pressur*-

on the tensile specimen can induce a brittle to ductile transition at

room tEý3rature. Figure 6 shows the pressure effects on the stress-

17
strain curves of PS tested at constant teuperature of 31 0C The 'rac-

1 ture mode of PS cuanges fran brittle to ductile between 0.3 kb and 0.4 kb,

I ihile the Young's modulus increases almost oontinuously with pressure.

The stress-strain curves were analyzed in the manner described in the pre-

ceoding section and the obtained pressure dependencies of characteristic

stresses are shown in Fig. 7. Although at atmospheric pressure the craze

initiation stress is much lower than the shear band initiation stress,

the superposition of hydrostatic pressure raises the stress necessary

for the onset of crazing more rapidly than that for the onset of shear

band formation and these two stresses becane equal at the brittle to

ductile transition pressure. Quite similarily, P*MA has been proved to

exhibit its brittle to ductile transition between 0.2 kb and 0.3 kb at

1 230C18.



ti-ant~it icx in mliphutis ~ 'WIŽr An indcl*"1 elt?1.j bY tUu raisiny

o:.'~A~rrn'ft~Itunjturaturt- or by- thu.- 1roii of h~ttrostatic prrs-

Sul L. .LjVe1 ,adou kncowlidp of !h.A Vis- twoj i-i~ividikil [0-MrLvTeIa

are eotuv'ctt'I to .'iwh oth-ar is rutl immdiatcly appawent. In tin iroygard,

to irwo-,!ti~jatc, I.u tli.exixrimtnit~il turnjKratur(. affc-cts It~t brittlO to

duct ile transitionl prf's!;uro of f!rqr a xssilile appro~ich to unde~rstanOr-itu

twindamental Mk-&uuniSM "introllivLj t~wIc bittl-e to duictilc t..x~sitial

p~ian-imncul in 7v.Vh 1yc5. ) Study th"! to.11-virrVure ef f octs ot

tc-poirnents havo .* L,'n .ri'Iout unlktr pioessare an]i at. variox us U'pra-

tur-, of 5, 20, 31, 40 aivi 50"C fo-r Ps5 xid -l1), 5, 23, 30, ari! 4JOC for

S'C arej sIw~wn xi] curirtd1 iii Fig. 8 writl thaw-, for specizm-ns tcstW' at

th~u hiqi(!r tcanperatur-ý of 4QO(C* It is ol.~icis that the in~xoasc of tku.'

C~wrurwltoltmixaratur- 1lcp*%s t1K. brit tle to duetilo transition prte'.

uirr'. a5 %,-I v~ .a; t- clvac~tcAiistic stru',-se%, !;d -i'; frv,*.;.... ~stros and

n~l tr'-s5, atnt al~io zthe Yrxing's mwxlulus. At 5'C, IPS fraicturvs- in a

t1rittlL' miny~tir up~ to 0.8 kb, buit t-he fractureýmt nvc Cinyt's to ductile

abov,ý 0.9 Mi. An thai t.WinporaturL' is raLS#i'd, Lth brittle to ducztile

transition ixrŽssurt, bu-cijnes lcw-ir and 1L*Ar, amd the trarLsit-ion appoars

*t&n0.4 kJ, xy] 0.5 kb at 40'C. Similar tLc1xeraturc effc~cts can Ix,

also obsorvucd in~ J?'II as shWmn in Fig. 9. IAM4 cxlubits the britt Ii, tj

ductile, transition betw-vn 0.3 kb and 0.4 kb at -10*C, while the t-ransi-

tVifl aplears )wtcw 0.1 kb v'hcn the tslsile expprizients are performA~ at

njqher ' irp2cvtuZrC of 40"C.
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The stress-strain curves of the specimens tested under pressure and

at different temperatures have been analyzed and the pressure dependencies
R

of the craze initiation and shear band initiation stresses at various ten-

peratures are shown in Fig. 10 for PS and in Fig. 11 for PMMA, respectively.

It is again noticeable that the two curves for the craze initiation and

shear band initiation stresses intersect at the brittle to ductile tran-

sition pressure irrespective of the test temperature for the both cases

of PS and PýMA.

Based on the data given in Figs. 10 and 11, the pressure and ten-

perature dependencies of craze initiation stress (d ci/dP and doci/dT) and

those of shear band initiation stress (dosb/dP and dosb/dT) are calculated

and the values are listed in Table I. Since these values vary with the

temperature and/or pressure, the table lists the values averaged over the

examined temperature and/or pressure regions. Fron the comparisons of

the data on the pressure and temperature dependencies, it is apparent

that craze formation is much more suppressed by the increase of the

superposed pressure than is shear band formation (i.e. (d ci/dP)/

(d sb/dP) l). In contrast, increased temperature affects shear band

initiation process more strongly than crazing (i.e. (d ci/dT)/(dos dT)<i).

These results demonstrate that the crazing and shear banding phenamena

have iifferent sensitivities to the changes in envirormental pressure and

temperature, which is in keeping with the view that very different rather

than similar super molecular processes are involved in these two pheno-

mena. This point is examined further in the W-x section.

Figure 12 shows the tAperature dependencies of the brittle to

ductile transition pressure obtained fram the stress-strain measurements.

S. ...." " i l . .. i ...... .... i .. . I
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Both polymers -- PS and I -- show a similar general trend in that the

brittle to ductile transition pressure becomes higher with decreasing

tcriperaturo. This temperature dependency of the transition pressure,

however, is the inverse of that expected fran the concept that the brittle

to ductile transition relates to mechanical relaxation phenomena, because

the tsmperatures of both the mechanical a- and 3-relaxations are known

to be--ine higher with increasing pressure. The reasons for this dis-

crepancy and for the irregular tcenperature dependency of the transition

pressure observed in PS around 40*C, will be discussed in detail in the

next section.

rI
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DISWUSSIcN

Fran the tensile experiments of PS and PtMM under the wide range

of pressure and temperature performed in this study, the following

Y general features may be attributed to the brittle to ductile transition

t%1 phenomenon in viorphous polymers: (1) The pressure dependence of the

craze initiation stress is considerably higher than that of the shear

band initiation stress. (2) The tanperature dependence of the craze

initiation stress is considerably lower than that of the shaar band

initiation stress. (3) The two curves of the craze initiation stress

and the shear band initiation stress intersect at the point where the

I brittle to ductile transitic)n (whether pressure or temperature) is
r observed and the craze initiation stress always becomes higher than the

shear band initiation stress above this transition point. (4) The

brittle to ductile transition pressure becomes higher with decreasing

temperature, and conversely the transition temperature beccmes lower with

increasing pressure.

SWhile the items (1) and (2) suggest that the crazing and shear

banding phenomena have quite different formation mechanisms, Brady and

Yeh27 have reported that there exist several similarities between the

craze morphology and shear band morphology in PS. However, tJhe fact

that the superposition of hydrostatic pressure affects the crazing more

than the: shear banding is in accord with the well-established difference

in their formation mechanisms whereby the crazing involves void forau-

tion but shear banding essentially does not. 1-breover the larger tern-

perature dependency of the shear banding over the crazing implies that

the molecular motions associated with the banding, such as nxlecular
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sliding 23, can be enhanced by the increase in temperature much more

than the molecular motions for craze formition.

From tie iten (3), a satisfactory explanation can be deduced for

the general mechanism of the brittle to ductile transition phencmenon,

whether the transition is induced either by the increase of terperature

or by the superposition of pressure. Tie explanation is simply that the

material fractures in a brittle manner if the crazes can initiate at
lower stress level than the shear bands at the test conditions of temr-

perature and pressure. If they cannot, the fracture mode will be duc-

tile because the shear bands that form before the initiation of the

craze function so as to suppress the initiation of new crazes or propaga-

tion of existing crazes28-30 which normally lead the specimen to the

brittle fracture. Thus, the competition of and interaction between the I
crazing and shear banding play a particularly important part in the I
brittle to ductile transition phenrnenon in amrorphous polymers.

Further, this concept of the transition mechanism provides the

answer as t -why the teaierature dependencies of the brittle to ductile

pressure in PS and PI4, differ from that expected from the idea that the I
transition relates to the mechanical relaxation phencuena. As described

above, the brittle to ductile transition phenomenon is caused by the

interaction between two independent plastic deformations of crazing and

shear banding, and is not due to a direct effect of the mechanical rela-

xation motions. Therefore, the brittle to ductile transition point

depends upon how the changes of pressure and/or teaperature affect the

craze initiation and shear band initiation processes and hence shift the

intersection point of the initiation stresses for these two processes.
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In this regard, there exists no reason to expect the brittle to ductile

transition to shift with thie changes in pressure and/or temperature so

as in the same manner as do the mechanical relaxation processes.

Despite this absence of a direct effect of relaxations on the brittle

to ductile transition, there are some secondary or indirect effects in

tJh case of the P-relaxation in PS. As shown in Fig. 12 and more clearly

in Fig. 13, the brittle to ductile transition pressures in PS change

irregularly with decreasing tm~perature around 40 0C. At atmo~sphericA

pressure, the craze initiation stress curve of PS showed the irregular

lowering around 35*C (Fig. 4), which is very close to the reported F-

relaxation temperature range of 25-600 C . Further, Boyer found from

the analysis of Maxwell and Ran's data33 on the crazing that the apparent

Sactivation energy of the P-relaxation in PS agrees with the activation

energy for the crazing. Therefore, above the Ce-reiaxation temperature,

if this [,-relaxation really enhances the formation of crazes in PS, it

could be expected that the stress necessary to initiate crazes will

become substantially lower and hence brittle fracture will be more favored.

Naturally, the brittle to ductile transition phenomenon under pressure

will be also influenced indirectly by the existence of such A-relaxation

and the pressure necessary to induce the transition will become discon-

tinuously higher in order to ccmnpensate for the substantial lowering in

the craze initiation stress. As demonstrated in Fig. 13, where the pres-

sure dependency of the 8-relaxation temperature is assumed to be about

344*C/kb, (by analogy with PýMA ) the discontinuous increase in the brittle

to ductile transition pressure is actually observed at the region where.

the transition curve meets with the B-relaxation curve. Thus, the
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h1pothesis that the P-relaxation in PS lowers the craze initiation stress

and it-directly affects the brittle to ductile transition process can

explain simultaneously the both experimental facts of the irregular

lowering of craze initiation stress observed at atmospheric pressure and

the irregular region of the temperature dependency of the transition

pressure.

In contrast to PS, the pressure-tcmzperature c1haracteristic for PMM.A

do no show32*do not slw irregularities, despite Boyer interpreted that the 6-

relaxation in rtMA is also associated with the crazing phenomenon. The

experimental results, however, do not give any distinct evidence for a

relationship between the B-relaxation and the craze initiation stress

curve and/or the brittle to ductile transition curve in this polymer.

Rather, 2MMA exhibits at atnosphcric pressure its brittle to ductile

35,36transition at about 45°C near to the reported s-relaxation temperatures

It is possible that this near coincidence of the latter with the transi-

tion terperature at atmospheric pressure, is preventing experimental

observation of its effect.

I
I

I!

I
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COlrI.s Ics

Tensile experiments on PS and PRA conducted over a wide range of

pressure a31K tacrerature have shown that the brittle to ductile transi-

tion in these amorphous polymers is strongly affected by both the pres-

sure and by the temperature. By using detailed stress-strain analyses,

the pressure and terperature dependencies of tie craze initiation and

the shear band initiation processes were elucidated as the fundamental

processes controlling the muchanism of the brittle to ductile transition.

The major conclusions of this study may be summarized as follows:

(1) Pressure affects the craze initiation stress considerably

more thian the shear band initiation stress. However, temperature acts

in exactly the opposite manmer.

(2) These tw initiation stresses becmee equal at the brittle to

ductile transition pressure and/or terperature, suggesting that the

transition is induced by the interaction between canipeting micro-plastic

deformation processes -- crazing and shear banding.

(3) The brittle to ductile transition pressure decreases with

increasing tarperature due to the quite different pressure and tarpeza-

ture dependencies of the craze initiation and the shear band initiation

stresses.
(4) 'This transition is not dependent on mechanical relaxation

phenomena.

I
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FIGURE CAPTIaiS

Fig. 1. Effect of temperature on the stress-strain behavior of PS at

atmospheric pressure.

Fig. 2. Effect of temperature on the stress-strain behavior of PMMh

at abmospheric pressure.

Fig. 3. Typical stress-strain curves for the brittle fracture without

(PMMA) and with craze-yielding (PS) and the ductile fracture.

An inflection point on the stress-strain curve for the brittle

fracture corresponds to the craze initiation point. That for

the ductile fracture corresponds to the shear band initiation

point.

Fig. 4. Temperature dependencies of tlye craze initiation, shear band

initiation, fracture, and yield stresses in PS. Arrow BD

indicates the brittle to ductile transition point.

Fig. 5. Tomperature dependencies of th•e craze initiation, shear band

initiation, fracture, and yield stresses in PMMN. Arrow BD

indicates the brittle to ductile transition point.

Fig. 6. Effect of pressure on the stress-strain behavior of PS at

310C.

Fig. 7. Pressure dependencies of the craze initiation, shear band

initiation, fracture, and yield stresses in PS at 31 0C.

Arrow BD indicates the bxittle to ductile transition point.

Fig. 8. Effect of pressure on the stress-strain behavior of PS at

different temperatures of 5*C and 40*C.

Fig. 9. Effect of pressure on the stress-strain behavior of PMMA at

different temperatures of -10 0C and 40(.



Fig. 10. Pressure dependencies of the craze iritiatian stress and the

shear band initiate, •n stress in PS at different teuperatures

of 5, 20, 31, 40, and 50*C.

Fig. 11. Pressure dependencies of the craze initiation stress and the

shuar band initiation stress in PMMR at different teoperatures

of -10, 5, 23, and 400C.

Fig. 12. Teqwaerature dependencies of the brittle to ductile transition

pressure in PS and PMM.

Fig. 13. Influence of the ý-relaxatian on the temperature dependency

of the brittle to ductile transition pressure in PS.

Table I. Omparison of the pressure and teaperature dependencies of

the craze initiation stress (oi) and the shear band initia-II
tion stress (•s) in PS and PMMN. sI
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do ci do dci o do do do. do-ci sb sb ci sbi

PS 11 4 2.7 -0.2 -1. 1 0.18

PMMA 13 6 2.2 -0.5 -0.8 0.63

(ksi/kb) (ksi/°C)

Table I. Ccnparison of the pressure and temperature dependencies of
the craze initiation stress (ici) and the shear band initia-
tion stress N in PS and PMMQ.
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